12 Objective. Photovoltaic retinal prostheses theoretically offer the possibility of standalone high-resolution 13 electrical stimulation of the retina. However, in artificial vision, achieving locally selective epiretinal 14 stimulation is particularly challenging, on the grounds of axonal activation and electrical cell coupling. 15 Approach. Here we show that electrical and photovoltaic stimulation of dystrophic retinal circuits with 16 capacitive-like pulses leads to a greater efficiency for indirect network-mediated activation of retinal ganglion 17 cells. In addition, a biophysical model of the inner retina stimulation is proposed to investigate the waveform 18 and duration commitments in the genesis of indirect activity of retinal ganglion cells.
This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. 7 256 recording electrodes were amplified, filtered (300 -3000 Hz), and digitalized with a 10 kHz sampling 136 frequency (USB-MEA256-System, Multichannel Systems). Spike sorting from recordings were performed 137 with MC_rack software (V 4.6.2, Multichannel systems); results were further processed with Neuroexplorer 138 (v4, Neuronexus) and MATLAB. integrating neurons, whose parameters are summarised in Table 1. 144 The layers filters' time constants were calculated as in equation (1 (1) 148 where d represents the cell distance to the electrode surface and A the area of bilayer membrane in the 149 ascending column between the targeted cell and the electrode, as in equation (2) This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. The voltage density probability around and above the epiretinal electrode was simulated with a finite element 156 analysis (FEA) method (COMSOL Multiphysics® v. 5.2.), with a stationary electric current study. The ground This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. 9 All the experiments have been performed with explanted retinas from rd10 mice, which is an established model 174 for retinitis pigmentosa [46] [47] [48] [49] . However, in order to formally exclude any intrinsic light responsivity from 175 possible surviving PRs, we first assessed the time course of the light responsivity decay at the wavelength and 176 irradiances used for prosthetic stimulation with POLYRETINA, namely full-field light pulses of 10 ms at 560 177 nm, with irradiances ranging from 0.39 to 27.2 mW mm -2 (Fig. 1a) . The relative percental increase or decrease 178 in firing rate during a 180-ms time window after light onset (with respect to a 100-ms time window before the 179 light onset) has been measured to determine a light responsivity index accounting for both ON and OFF 180 transient and sustained responses (N = 4 retinas per timepoint, all RGCs recorded for each retina have been 181 averaged). Rapidly after the formation of functional PRs at P16, a rapid decay in the light responsivity index 182 has been observed up to P60, where it reaches its minimum value and remains constant around a baseline value 183 of 0 regardless of the irradiance used ( Fig. 1b) . The time course of this loss of light sensitivity is in line with 184 the reported anatomical changes in the outer nuclear layer of rd10 retinas [42, 43] . In young retinas (from P16 185 to P45), mostly transient response patterns could be detected ( Fig. 1a) , with a mean (± s.d.) latency of 69.8 ± 186 10 ms. In such light-sensitive retinas, green light responsivity increases with stimulus intensity up to 1.3 mW 187 mm -2 ; after which irradiance increase weakens the average retina's response, most probably because of M-188 cones saturation and eventually bleaching for the highest values of intensities tested (higher than 9 mW mm -189 2 ), as visible at the P16 time point. In retinas over P60, no significant light responding RGC could be recorded.
190
Contrarily, the vast majority of RGCs from retinas explanted at those advanced stages of degeneration exhibits 191 a robust light-independent spontaneous activity pattern with a peak frequency of about 10 Hz, in line with 192 previous reports [48] [49] [50] . The more advanced the degeneration process of the recorded retinas, the higher the 193 number of cells presenting strong spontaneous activity could be observed, with a peak around P100. of RGCs (n = 16 from N = 9 retinas) has been recorded upon light pulses of 10, 20, 50, and 100 ms, with This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. 10 irradiances ranging from 1.09 to 91.59 mW mm -2 . Consistently to other reports [8, 9, 14, 15] at an average (± s.e.m.) stable frequency of 36.9 ± 8.25 Hz (Fig. 2d, top) . Instead, indirect (ML and LL) 207 activity, originating from the activation of the upstream retinal network, strongly depends on the light 208 exposure, both on irradiance and on pulse duration ( Fig. 2b-d) . As previously reported [15, 31] , irradiance 209 thresholds for direct and indirect activities are barely discriminable, and ML activity could be recorded from 210 the lowest irradiance tested (1.09 mW mm -2 ). LL activity requires higher exposure to appear; it has been 211 detected from an irradiance of 11.68 mW mm -2 , for the longest pulses only ( Fig. 2b, red This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. 11 ( Fig. 3a) . The mean photovoltage profile (red curve in Fig. 3b , data profile obtained from [15] ) generated by 228 the photovoltaic pixels (light pulses of 10 ms and 0.94 mW mm −2 , leading to a peak voltage of 179 mV) has 229 been scaled to generate capacitive-like voltage pulses of various peak amplitudes. In a first subset of retinas, 230 both 10-ms anodic and cathodic capacitive-like profiles of increasing peak voltages (8.95, 17.9, 35.8, 179, 368, 231 and 895 mV) were randomly injected through the MEA electrode closest to the monitored RGC (n = 10 cells 232 from N = 4 retinas). In agreement with the hypothesis that network-mediated activity is elicited by the direct 233 transmembrane depolarization of the inner retinal cells, the threshold for network-mediated activity is lower 234 in case of the cathodic profile injection with respect to the anodic one (-8.95 mV vs. +17.9 mV, respectively) 235 for ML activity (Fig. 3c, top) . The LL activation thresholds did not show any clear trend due to LL high 236 intrinsic cell-to-cell variability (Fig. 3c, bottom) . In a second subset of retinas (n = 13 cells from N = 11 retinas), 237 a wider range of cathodic capacitive-like pulses has been successively injected (from -8.95 to -1790 mV). No 238 statistical difference has been found between RGC activity elicited by photovoltaic stimulation (1.09 mW 239 mm −2 ) and the corresponding capacitive-like voltage profile ( Fig. 3d ; SL: p = 0.17; ML: p = 0.16; LL: p = 240 0.98; t-test).
241
Next, we compared the spiking activity of RGCs (n = 13 cells from N = 11 retinas) evoked by rectangular 242 voltage pulses to the one evoked by capacitive-like pulses. Each RGC has been successively stimulated with 243 rectangular pulses and capacitive-like pulses of identical peak values and of three different durations: 10, 50, 244 and 100 ms. As before, to obtain capacitive-like pulses of 50 and 100 ms duration, the mean photovoltage 245 profile generated by the photovoltaic pixels with pulses of 50 and 100 ms (0.94 mW mm −2 , data profiles from 246 [15] ) have been scaled to generate capacitive-like voltage pulses of various peak amplitudes. Altogether, in 247 agreement with the previous set of experiments, direct activity (SL) could be elicited from an average (± s.e.m.) 248 voltage of 151 ± 12.9 mV and saturated for stimulation amplitudes higher than 358 mV ( Fig.4 ). Direct 249 activation threshold was not significantly different between capacitive-like and rectangular pulses (p = 0.37, t-250 test retina, each layer has been modelled as a low-pass filter whose impulse response varies according to its 273 distance from the stimulating electrode (Fig. 5b) . The in-silico stimulation of the retina leads to a typical 274 spiking pattern including SL and ML activities. Due to both the layered organization of the retinal cell types 275 and the different low-pass filter they apply to the stimulus input, each layer reaches an activation peak in an 276 asynchronous manner, as it can be seen from the simulated membrane potential of an HC, BC, AC, and RGC 277 located above the centre of the stimulating electrode during a 20-ms rectangular stimulation ( Fig. 5c ). Direct 278 voltage injection to the RGC layer leads to an action potential initiation within a few milliseconds after the 279 stimulus onset (SL). However, since the stimulation does not have single cell resolution, the same stimulus This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. 13 excitability of the directly stimulated RGCs is decreased by their surrounding ACs. Meanwhile, granted that 282 the input voltage is sufficient, upstream BCs are also depolarized and synaptically activating downstream 283 RGCs. Voltage loss and filtering together engender a slow trade-off phase between excitatory and inhibitory 284 backward inputs. The secondary activity latency is reproducible over stimulation conditions, as it depends on 285 the connection balance between excitation and inhibition, that is to say, on the network itself, and not on the 286 stimulation parameters. The burst of RGC secondary activity (ML) is voltage-and amplitude-dependent: it 287 appears above a flux threshold of 2.0 µV s ( Fig. 5e) . Both BCs and ACs are necessary to produce a secondary 288 activity pattern with a latency in the order of hundredths of a second (Fig. 6 ).
289
We then stimulated the biophysical network with either rectangular or capacitive-like voltage pulses. The 290 increasing and decreasing phases of capacitive-like voltage pulse have been here fitted as one-term 291 exponentials. Membrane potentials' rise in ACs, BCs, and to a lower extent in HCs is observed to be slower 292 but of higher magnitude when the stimulus is capacitive-like shaped with respect to the rectangularly shaped 293 one ( Fig. 7a) . Rapid voltage transitions also generate fast interneurons membrane potential rise, but without is, therefore, a promising strategy to overcome the problem of axonal depolarization and the resulting loss of 303 resolution. In this perspective, the use of non-rectangular pulses can successfully shift the RGC activation 304 pattern from direct to indirect activation. Fig. 7c shows a linear assumption of the indirect-to-direct firing rates 305 ratio for various pulse voltages and durations, either rectangularly or capacitive-like shaped. While rectangular 306 stimuli require high voltages (higher than 1 V) or alternatively very long durations (longer than 60 ms) to 307 maximize the indirect activity with respect to the direct one, similar activity ratios can be obtained with This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it.
14 capacitive-like pulses at voltages one order of magnitude lower. Symmetrically, capacitive-like pulses allow 309 maximising the indirect-to-direct activity ratios with shorter pulses compared to those necessary with 310 rectangular pulses, which would be hardly compatible with high-frequency stimulation. Optimal parameters 311 for rectangular and capacitive-like pulses are highlighted respectively in black and red (Fig. 7c) .
312
In addition, since capacitive-like pulses depolarize qualitatively longer the inner retinal cells and especially 313 BCs, it facilitates the temporal summation of repetitive stimuli (Fig. 8) . The conventional stimulation 314 frequencies used in retinal prostheses range from 5 to 20 Hz [8, 9, 24, 27, 28] , and recent evidence appoint 10
315
Hz as an optimal stimulation frequency for epiretinal prostheses within this range [43] . The trade-off between 316 stimulation frequency and stimulus duration becomes especially important when dealing with photovoltaic 317 electrodes. A compromise has to be found between maintaining a pulse short enough to avoid photothermal 318 damage to the retina and still enabling indirect activity and eventually temporal summation. Mastering the 319 decay speed of the voltage stimulus can be one approach to do so. Tuning the discharge capacitive properties 320 of the electrode/electrolyte interface can modulate the ML activity elicited by a pulse of identical duration and 321 voltage ( Fig. 9) . For similar over-threshold single 10-ms pulses, doubling the decay phase time constant 322 increases the mean (± s.e.m.) ML activity of 39 ± 12 % (Fig. 9b,c This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it.
15 pulses, but also affect a wider pool of them, as a result of the gaussian-shaped voltage probability distribution.
336
This strengthening and widening of the AC response are again observed to be voltage, duration and shape-337 dependent (Fig. 11a,b) . could elicit stronger activity than rectangular stimuli. However, not only the closest electrode has been able to 352 activate the targeted RGCs. SL-eRFS notably present elongated shapes ( Fig. 12c) , presumably due to axonal 353 stimulation. An action potential generated in a distal axonal segment and antidromically propagated in less 354 than 10 ms, would indeed be classified as direct RGC activation (see Methods).
355
Regarding indirect eRFs, the stimulation conditions providing the most focused response are the ones 356 previously associated with a high indirect activity, namely short and long capacitive-like voltage pulses.
357
Besides the weak values of mean network-mediated activity (due to idiosyncratic preferred stimulation axis), 358 rectangular pulses exhibit broad indirect eRFs (Fig. 12b,c) . 
381
We have demonstrated that our photovoltaic approach, despite the apparent loss of temporal precision due to 382 the capacitive-like voltage transients, is efficient to trigger realistic network-mediated activity in blind retinas show preferential sensitivity to rectangular stimuli, while the activation of voltage-encoding interneurons can This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. [25, 26] , that is to say, the temporal precision separating orthodromic and antidromic followed by orthodromic 407 signals vanished with upstream signal integration. However, indirect waves with a delay in the range of tenths 408 of seconds may be more prone to reproduce the natural temporal structure of visual responses. Indeed, though 409 many individual spikes can be timed with millisecond precisions to the visual stimulus they encode, the relative 410 precision among the activated RGC population is a higher critique feature for information integration in the 411 thalamus [52] . Approaching the relative temporal structure of natural vision could provide an equally accurate 412 representation of the slowly changing visual word. The ability of non-rectangular pulses to generate a sustained 413 membrane potential rise in retinal interneurons also facilitate the temporal summation of under-threshold 414 stimuli (Fig. 8) , making it conceptually feasible to abolish any direct depolarization of nearby RGC axon initial 415 or distal segment, while promoting indirect summed activity. This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. This is the version of the article before peer review or editing, as submitted by an author to Journal of Neural Engineering. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. 20 artificial vision resolution will require to be established by evaluating the restored visual acuity both in in-vitro 470 and in-vivo.
471
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